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EXPERIMENTAL  DEVELOPMENT  OF  AN 
ADVANCED  CIRCULATION  CONTROL  WING  SYSTEM  FOR 
NAVY  STOL  AIRCRAFT 

J. H.  Nichols,  Jr.*,  R.J.  Englar,**  M.J.  Harris, +  and  G.C.  Huson^ 
STOL  Aerodynamics  Group,  Aircraft  Division 
Dnvid  W.  Taylor  Naval  Ship  Research  and  Development  Center 
Dethasda,  Maryland  2008R 


Abstract 

An  advanoed  high  lift  system  is  being  developed 
which  combines  a  Circulation  Control  Wing  (CCW) 
with  Upper  Surface  Blowing  (USB)  to  produce  signi¬ 
ficant  lift  for  STOL  operations  by  Navy  aircraft. 
The  concept  uses  circulation  control  to  pneu¬ 
matically  defleot  USB  engine  thrust  and  thus  aug¬ 
ment  aerodynamic  wing  lift  produced  by  the  outboard 
CCW.  Two  series  of  wind  tunnel  investigations  have 
confirmed  significant  thrust  turning  to  angles  near 
160*,  suggesting  the  possibility  for  a  simple, 
highly  effective  STOL  and  thrust  reverser  system. 
Two-dimensional  investigations  of  reduced  diameter 
CCW  trailing  edges  suggest  their  application  as  a 
no-moving-parts  high  lift  system  with  minimal 
cruise  penalty.  The  paper  presents  these  experi¬ 
mental  results  and  summarizes  the  technology 
development  progressing  towards  an  advanced  STOL 
aircraft. 


Fig.  1  A-6/CCW  Flight  Demonstrator  Aircraft 


Introduction 

The  Circulation  Control  Wing  (CCW)  concept  is  a 
mechanically  simple  high  lift  system  which  employs 
tangential  blowing  over  a  rounded  trailing  edge  to 
yield  very  high  lift  augmentation  with  an  expendi¬ 
ture  of  minimum  amounts  of  Jet  momentum  and  mass 
flow.l>2  The  system  has  been  under  devalopment 
since  1970  at  David  W.  Taylor  Naval  Ship  Research  & 
Development  Conter  (DTNSRDC)  where  the  basic 
concept  was  developed,  and  a  configuration  for 
proof-of-oonaept  flight  test  was  designed  and 
experimentally  evaluated  for  application  to  a 
Navy/Grumman  A-6A  aircraft.3  The  A-6  flight 
demonstrator  airoraft  was  modified  to  the  developed 
configuration®  and  a  flight  test  was  conducted  to 
evaluate  the  nigh  lift  and  STOL  capabilities  of  the 
CCW  configuration.5*®  This  A-6/CCW  demonstrator 
aircraft  is  shown  during  the  flight  program  in  Fig. 

1.  The  rounded  CCW  trailing  edge  is  visible,  as 
are  air  supply  lines,  externally  mounted  for 
simplicity,  carrying  engine  bleed  air  to  the  CCW, 
These  flight  investigations  conducted  by  Grumman 
confirmed  the  DTNSRDC  wind  tunnel  predictions  that 
CCW  could  double  aircraft  lifting  capabilities 
using  only  bleed  air  available  from  the  existing 
engines.  Flight  speeds  as  low  as  67  knots  were 
demonstrated  even  though  blown  cTwax  and  Vstall 
were  not  aohieved  due  to  control  power  limitations. 
Test  results  are  published  in  References  U,  5,  and 
6.  A  surasary  of  A-6/CCW  STOL  performance  relative 
to  the  conventional  A-6A  airoraft  is  given  in  Fig. 

2,  illustrating  the  CCW  to  be  a  viable  system  for 
providing  STOL  potential  for  high  performance  Navy 
aircraft. 
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Fig.  3  Maximum  Lift  Coefficients  for 
Typical  CCW  and  USB  Aircraft 
Configurations 
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VARIATION 

Fig,  4  CG/USB  Engine  Thrust  Deflector 


The  mechanical  simplicity  and  high  lift 
augmentation  of  CCW  are  quite  attractive  from  a 
weight  and  STOL  performance  standpoint.  Further¬ 
more,  it  was  envisioned  that  certain  charac¬ 
teristics  of  the  system  would  be  quite  compatible 
with  the  clready  proven  (YC-14,  QSRA,  etc.)  Upper 
Surfaoe  Blowing  (USB1  system.  Maximum  lift 
coefficients  for  the  A-6/CCW  aircraft  (aspect  ratio 
5.3)  ahd  a  typical  4-engir.e  USB  configuration 
(aspect  ratio  7.5)  with  oruisa-typioal  D-shaped 
nozzles?  are  shown  in  Fig.  3.  For  USB,  the 
incremental  lift  due  to  deflecting  thrust  is  made 
up  of  the  vertical  component  of  the  deflected 
engine  thrust,  CT  sin  (5,+a),  with  a  smaller 
contribution  due  to  thrust-induced  circulation 
lift,cLp  •  For  CCW, 3  the  increment  of  lift  due  to 
blowing  is  all  blowing-induced  circulation  lift, 
CLr,  with  virtually  no  vertical  thrust  component. 
These  large  induced  lift  characteristics  logically 
suggest  the  physical  combination  of  CCW  outboard 
and  USB  Inboard,  to  maximize  both  circulation  lift 
and  lift  resulting  from  thrust  defleotion. 

Further,  by  combining  Circulation  Control  (CC)  and 
USB  in  a  CC/USB  configuration  inboard  as  shown 
schematically  in  Fig.  4,  some  very  significant 
benefits  are  obtained  by  taking  advantage  of  the 
ability  of  the  circulation  control  phenomenon  to 
entrain  and  control  the  engine  thrust  direction. 

The  rather  complex  and  heavy  USB  meohanioal  flap 
system  and  its  supporting  structure  and  actuators 
can  be  eliminated,  and  replaced  by  the  stationary 
CC  round  trailing  edge  and  internal  blowing  plenum. 
For  the  USB/flap  system,  thrust  deflection  angle, 9, 
is  achieved  by  flap  upper  surface  deflection  until 
flow  separation  occurs.  For  the  CC/USB  system,  e 
depends  on  the  CC  plenum  pressure,  slot  mass  flow, 
and  the  flow  entrainment  effects  of  the  CC  trailing 
edge.  That  is, e  is  changed  nearly  Instantly  by  a 
flow  control  valve  or  pressure  regulator.  The 
thrust  can  be  deflected  to  angles  up  to  160° , 
thereby  providing  a  pneumatic  thrust  reverser,  or 
providing  a  vertical  thrust  deflection  offering  the 
possibility  of  VTOL  flight.  The  near-instantaneous 
thrust  deflection  variation  provides  a 
quick-responding  direct  lift  and  flight  path 
control.  Initial  confirmation  of  this  operation 
has  been  reported  in  Ref.  8. 

The  keys  to  achieving  the  above  payoffs  are  two 
fold.  First  is  the  thrust-deflecting  capability  of 
the  CC  trailing  edge,  and  any  limitations  placed  on 
that  ability  by  engine  thrust  levels,  nozzle 
geometry,  and  freestream  dynamic  pressure.  Second 
is  the  CC  trailing  edge  size,  which  must  be  small 
enough  for  good  cruise  performance,  yet  large 
enough  to  produce  effective  supercirculation.  To 
address  these  items,  wind  tunnel  investigations 
were  conducted  to  assess  STOL  performance  potential 
of  an  aircraft  designed  around  a  CCW  +  CC/U3B  high 
lift  system. 


Fig.  5  Half-Span  CCW + CC/USB  Model 


Experimental  Investigations 
CCW  -f  CC/USB  Model 

The  investigation  presented  herein  was  intended 
to  evaluate  CC/USB  thrust-turning  capability  and 
made  use  of  an  existing  generic  half-span  model 
that  had  been  used  to  evaluate  CCW  and  USB  systems 
independently. 9  This  model,  shown  mounted  in  the 
DTNSRDC  8-  x  10-foot  subsonic  tunnel  in  Fig.  5,  was 
a  combination  of  an  existing  AR  =  4  CCW  wing 
section  and  a  USB  propulsion  simulator.  Thi3 
engine  simulator  employs  two  5.5-inoh  diameter 
tip-turbine  fans  mounted  in  tandem  to  generate  an 
output  pressure  ratio  typical  of  existing  turbofan 
engines,  and  had  previously  been  used  to  evaluate 
low  aspect  ratio  double-slotted  flap  USB  systems 
employing  a  variety  of  exhaust  nozzle  arrangements. 
Typical  of  these  nozzles  is  the  D-nozzle  shown  in 
the  figure,  where  a  simulated  internal  nozzle  flap 
produced  a  width/height  ratio  of  3.3  at  the  exit. 

Independent  lift  systems  were  simulated  by  a 
series  of  orifice  plates  which  were  inserted  in  the 
full-span  CCW  plenum  allowing  different  duct 
pressures  between  the  outboard  CCW  and  inboard 
CC/USB.  However,  as  assembled,  the  model  does  not 
properly  represent  a  typical  CC/USB  configuration. 
First,  the  engine  is  oversized  relative  to  the  wing 
and  is  mounted  high,  resulting  in  an  initial  thrust 
deflection  angle  of  almost  30“ .  Second,  the  aspeut 
ratio  of  4.0  is  lower  than  that  planned  for  the 
airoraft/mission  to  be  addressed  in  this  paper. 

The  airfoil  is  a  14-percent  thick  supercritical 
section  with  a  15-percent  chord  Krueger  leading 
edge  flap  deflected  to  40  degrees.  CCW  trailing 
edge  parameters  are  based  on  the  A-6/CCW 
development, 3  viz.,  a  radius-to-chord  ratio  of 
0.036  and  a  local  slot  height-to-radius  ratio  of 
0,031,  Measured  slot  height  varied  nearly  linearly 
with  plenum  pressure  (Rpp),  with  a  slot  are3 
increase  of  17  percent  occuring  at  a  maximum  plenum 
pressure  of  120  in.  Hg  (58.9  psig).  The  model  was 
mounted  vertically  on  the  tunnel  balance  frame, 
independent  of  a  splitter  plate  and  simulated 
fuselage  to  remove  the  wing  from  the  tunnel 
boundary  layer,  to  simulate  fuselage  interference, 
and  to  allow  forces  and  moments  on  the  wing  and 
engine  to  be  isolated.  A  thin  fence  was  installed 
at  the  wiig  root  to  reduce  the  interaction  between 
any  flow  from  the  balance  frame  and  control  room 
and  the  flow  around  the  wing. 
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The  experiments  were  conducted  in  two  phases: 
(1)  a  static  wind  tunnel  test  to  quantify  thrust 
turning  and  select  a  nozzle,  and  (2)  a  wind-on 
test  to  quantify  thrust  turning  and  thrust 
reversing  during  simulated  in-flight  and  landing 
conditions.  Also  investigated  during  the  second 
phase  were  the  effects  of  higher  thrust  levels, 
variations  in  angle  of  attack,  operation  in  ground 
effect,  and  a  configuration  build-up  to  determine 
individual  contributions  of  CCW  and  CC/USB. 


Static  Thrust  Turning  Results 


Several  exhaust  nozzles  ranging  from  round  to 
higher  aspect  ratio  (width/height)  D-nozzles  were 
evaluated  statically  (no  freestream)  to  determine 
the  best  nozzle  in  terms  of  jet  turning.  At  a 
constant  thrust  (T)  and  blowing  level  (mV.), 
turning  (9 )  was  greatly  improved  when  either  the 
propulsive  jet  was  spread  wider  and  closer  to  the 
wing  surface,  or  when  the  propulsive  jet  height  was 
reduced  relative  to  the  CC  slot  height.  The  round 
nozzles  produced  relatively  little  turning  because 
of  their  large  jet  height  and  low  aspect  ratio  of 
1.0.  The  greatest  turning  performance  was  provided 
by  the  D-nozzle  with  internal  flap  shown  in  Fig.  5. 
Turning  performance  of  this  aspect  ratio  3.3  nozzle 
is  shown  in  Fig.  6,  where  e  is  positive  for  jet 
turning  downward  and  forward  from  the  aft  direction 
of  the  chord  line,  and  is  determined  by  resolution 
of  measured  horizontal  an  I  vertical  force  compon¬ 
ents.  Resolving  the  static  turning  of  the  CC  jet 
alone  with  no  engine  thrust  present,  shown  a3  the 
dashed  curve,  yields  9  -  160”  or  more  for  CC  jet 
plenum  pressures  greater  than  6  psig.  (In  this 
figure,  static  jet  momentum/area  (ifiV,/s)  i3 
equivalent  to  Cu  at  a  nominal  dynamic  pressure  of  1 
psf).  This  dashed  curve  represents  an  upper  limit 
on  propulsive  jet  turning  that  could  be  produced. 
With  the  application  of  engine  thrust,  several 
interesting  trends  are  revealed.  Increasing  CC  jet 
momentum  and  pressure  while  maintaining  a  constant 
thrust  increases  the  static  turning  angle.  With 
T  =  23.3  lbs  the  maximum  turning  achieved  is  equal 
to  the  160”  produced  by  the  CC  jet  with  no  thrust 
present.  At  higher  thrust  levels,  less  turning 
occurs  due  to  the  higher  thrust  kinetic  energy 
levels  which  are  more  difficult  to  entrain  and 
deflect.  However,  once  95”  of  turning  was  reached 
at  a  given  thrust  level,  small  changes  in  CC  Jet 
momentum  produced  rapid  increases  in  turning. 
Maximum  thrust  values  for  a  typical  turbofan  engine 
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Fig.  7  CC/USB  Turning  Angle  and  Thrust 
Recovery  Efficiency 

with  an  exhaust  pressure  ratio  of  about  1.5,  both 
with  and  without  core  bleed  to  provide  the  plenum 
pressure,  are  shown  for  comparison  scaled  to  the 
model  engine.  These  scaled  values  are  from  full 
scale  TF-3^  installed  thrust  for  sea  level  tropical 
day  (90°F)  conditions  with  a  60  knot  vehicle  speed. 

A  static  turning  angle  of  80*  can  be  achieved  at 
maximum  thrust,  with  values  ranging  up  to  160”  at 
lower  thrust  levels.  This  amount  of  jet  turning 
clearly  provides  ample  thrust  deflection  for  ST0L 
takeoff  and  approach  operation,  as  well  as  for 
reversed  thrust  upon  landing.  Also  implied  here  is 
the  possibility  of  a  no-moving-parts  VTOL  system 
where  static  thrust  deflection  of  85”to  95”  can 
provide  vertical  lifting  and  control  capability. 
These  thrust  turning  capabilities  and  associated 
thrust  recovery  are  3hown  in  Fig.  7.  Here,  the 
denominator  ft  is  the  sum  of  the  calibrated  engine 
thrust  (with  no  turning)  plus  the  measured  momentum 
of  the  CC  jet,  and  thus  includes  all  energy  input 
to  the  system.  The  length  of  the  vector  TR  repre¬ 
sents  effective  thrust  recovery  and  its  direction 
is  the  turning  angle  o •  For  STOL  operation  (say  9s 
60”)  more  than  95  percent  of  the  input  energy  is 
recovered,  while  as  a  thrust  reverser,  55-60 
percent  of  the  thrust  is  reversed  through  160”. 

Data  similar  to  the  above  were  alro  taken  in 
the  presence  of  a  fixed  groundboard  with  the  wing 
at  zero  degrees  Incidence  and  heights  above  the 
ground  plane  of  1,  3,  and  5  times  the  mean  aero¬ 
dynamic  chord  e.  For  these  data  with  no  free¬ 
stream,  the  minimum  groundboard  helght-to-chord 
ratio  of  1.0  produced  no  significant  change  in 
static  turning  relative  to  data  taken  out  of  ground 
effect. 

Wlnd-sn  Thrust  Turning  Results 

The  degradation  of  thrust  turning  due  to 
dynamic  pressure  (q)  was  measured  for  flight  speeds 
typical  of  takeoff  and  approach.  The  results  are 
presented  in  terms  of  the  aerodynamic  forces 
result  . ng  from  thrust  turning.  For  this 
discussion,  "drag"  (Cp)  includes  the  measured 
horizontal  thrust  component.  The  momentum  coeffi- 
cient,  Cu ,  is  defined  as  nondimensionalized  CC  jet 
momentum,  mVi/qS.  From  recent  practical  experience 
with  Engine  air  availability,  a  C(|  =  0.30  is 
probably  a  maximum,  yet  reasonable  value  for  the 
near  term. 


Fig.  6  CC/USB  Static  Thrust  Turning 


Fig.  8  Effect  of  Blowing  and  Thrust 
Variation  on  Lift  Coefficient 


The  lift  coefficient  for  constant  thrust  is 
presented  as  a  function  of  in  Fig.  8.  Corres¬ 
ponding  drag  polars  (including  thrust)  are 
presented  in  Fig,  9.  In  both  figures,  the  3olid 
symbols  and  dashed  curves  represent  simulated 
CC/USB  operation,  that  is,  blowing  along  only  that 
portion  of  the  CC  slot  immersed  in  the  propulsive 
jet.  The  open  symbols  represent  simulated  opera¬ 
tion  of  the  outboard  CCW  in  addition  to  the  inboard 
CC/USB.  In  this  latter  case,  for  the  data  shown 
both  systems  are  operated  at  the  same  slot  height 
and  duct  pressure.  These  data  were  generated  at  a 
q  =  10  psf  (about  55  knots)  and  a  geometric  angle 
of  attack  (a  )  of  0°.  For  this  portion  of  the 
te3t,  a  D-nozzle  design  (shown  in  Fig.  8)  more 
representative  of  a  lower  cruise  drag  shape  (and 
without  an  internal  flap)  was  used.  This  nozzle 
produced  static  turning  results  similar  to  those 
described  in  the  previous  section. 

For  this  CCW  +  CC/USB  operation,  63X  of  the  CC 
jet  momentum  operates  the  inboard  CC/USB  section 
and  371  operates  the  outboard  CCW  section.  At  a 
constant  thrust  setting,  both  lift  and  drag  can  be 
increased  by  increasing  C  .  When  Cy  is  held 
constant  (a  constant  momehtum  only  if  q  is  not 
changed),  an  increase  in  thrust  produces  a  greater 
lift;  however,  the  resultant  drag  is  lower  due  to 
the  contribution  of  increased  thrust. 


Fig.  9  Drag  Polar3 


for  takeoff  and  climb,  (2)  a  net  drag  for 
deceleration  upon  landing, and  (3)  a  zero  net  drag 
for  a  wide  range  of  flight  variables  for  an 
equilibrium  approach  path. 

Simulated  Thrust  Reverser 

The  addition  of  a  simple  thrust  reverser  to  a 
powered  lift  STOL  aircraft  can  further  reduce  the 
already  short  landing  distance  provided  by  low 
touchdown  velocities  and  reduced  kinetic  energy. 

An  effective  thrust  reverser  must  provide  maximum 
thrust  turning,  quick  response  after  touchdown, 
reduction  in  lift  to  increase  weight  on  the  wheels 
to  improve  braking  efficiency,  and  mechanical 
simplicity.  The  CCW  +  CC/USB  model  wps  used  to 
simulate  landing  ground  rolls  at  zero  degrees 
Incidence  with  a  fixed  groundboard  located  at  1.0? 
below  the  model  center  of  gravity.  These  simulated 
ground  rolls  were  conducted  at  constant  thrust  and 
plenum  pressure  by  taking  data  as  the  tunnel  dyna¬ 
mic  pressure  was  reduced  by  steps  from  20  to  0  psf. 
Therefore,  the  results  indicate  the  maximum  turning 
possible  for  the  conditions  simulated.  The  data 
are  steady-state  and  do  not  give  a  complete 
indication  of  thrust  reverser  operation  during  an 
actual  landing.  In  practice,  it  may  be  desirable 
to  turn  off  the  (icw  system  after  touchdown. 


Selecting  a  thrust,  T  =  52.7  (CT  =  2.V8), 
nearly  representative  of  the  scaled1 TF-3k  turbofan 
engine,  and  a  =  0.30,  more  detailed  examination 
of  low  speed  system  performance  at  oig  =  0°  can  be 
made.  A  maximum  of  about  3.k  was  produced  by 
operating  CC/USB,  with  a  negative  drag  (C^  =  -O.k), 
i.e.,  a  positive  thru3t.  By  reducing  the  thrust  to 
T  =  25.9,  and  holding  constant  at  0.30,  a  of 
about  2.3  is  produced,  but  now  a  positive  drag  (Cp 
=  0 .  tt )  of  about  the  same  magnitude  as  before  is 
available.  The  addition  of  blowing  to  the  outboard 
CCW  (C  =  0.30  along  the  full  span)  produces  a 
=  O  at  T  =  52.7,  with  little  change  in  drag 
(Cp  =  -0.3).  Again,  by  reducing  thrust  to 
T  =  25.9,  a  =  3.5  still  can  be  produced,  but 
again  with  a  positive  drag  (Cp  =  0.5).  ThU3,  even 
at  high  lift,  aerodynamic  drag  and  thrust  (or 
thrust  recovery)  can  be  controlled  to  produce 
acceleration  or  deceleration,  or  balanced  (CL  =  0) 
to  allow  equilibrium  flight.  This  demonstrates  the 
CCW  +  CC/USB  system's  versatility  through  its 
ability  tc  produce  a  large  range  of  high  lift  with 
either  : 

(1)  a  positive  thrust  with  minimized  induced  drag 


Fig.  10  depicts  forces  generated  by  a  thrust  of 
2t. 5  lbs  with  plenum  pressures  of  0  and  80  in.  Hg. 
The  terms  lift  and  drag  here  are  synonymous  with 
measured  vertical  and  horizontal  forces  at  a  =  0° 
along  the  deck,  including  the  corresponding 
components  of  thrust.  Thus,  for  blowing  off  (PT_  = 
0),  thrust  recovery  (or  negative  drag)  increases  as 
the  aerodynamic  drag  decays  with  dynamic  pressure. 
At  zero  velocity,  almost  90  percent  of  the  initial 


thrust  is  recovered  as  a  forward  horizontal  force, 
with  a  vertical  component  of  nearly  50  percent 
resulting  from  a  downward  deflection  of  about  30° 
due  to  the  USB  nozzle/wing  arrangement.  With  a 
plenum  pressure  of  80  in.  Hg  applied,  drag  remains 
positive,  directed  aft  over  the  entire  speed  range. 
The  remaining  lift  at  low  velocity  is  about  half 
the  value  at  PT  =  0,  thus  providing  improved 
braking  force.  “At  zero  velocity,  these  force 
components  with  blowing  on  include  approximately 
10,2  lbs  of  drag  and  2.7  lbs  of  lift  due  to  the 
reaction  force  of  the  CCW  jet  momentum  alone. 
Turning  off  the  outboard  CCW  plenum  would  reduce 
these  values  by  roughly  half,  resulting  in  a  net 
drag  of  86  percent  of  the  input  engine  thrust  and  a 
lift  of  only  10  percent  of  this  thrust. 
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Fig,  10  CCW/USB  Simulated  Thrust  Reverser 
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Fig.  11  CCW/USB  Simulated  Thrust  Reverser 

Resultant  Force  Turning,  Ug  ■  10* 

The  resultant  force  turning  angles  from  the 
thrust  reverser  simulation  are  shown  in  Fig.  11  for 
thrust  settings  of  29.5  and  59.0  lb  and  blowing 
pressures  of  0  and  80  in.  Hg,  both  with  and  without 
a  fixed  groundboard.  Here,  the  resultant  force 
angle  0R  is  defined  as  (180°  -  arctan  (vertical 

force/horizontal  force)).  This  angle  qr  is  similar 
to  0  in  Fig.  8,  except  it  now  includes  outboard  CCW 
aerodynamic  forces  which  are  not  easily  separated 
from  inboard  thrust  components  when  a  freestream  is 
present.  At  zero  velocity,  g  =  0R  and  the  result¬ 
ant  force  Fr  equals  the  3um  of  the  thrust  and  Jet 
momentum  components  only.  For  a  thrust  of  2k. 5  lb 
with  blowing  in  ground  effect,  force  turning 
rapidly  rises  from  110*  to  165°  as  speed  decreases 
below  the  touchdown  value  of  about  55  knots. 

Without  a  groundboard,  that  rise  does  not  occur 
until  speed  decreases  to  about  25-30  knots.  An 
aircraft  near  touchdown  would  probably  fly  on  the 
favorable  ground  effect  curve;  speeds  of  less  than 
50  knots  are  not  likely  prior  to  the  landing  ground 
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roll.  For  a  thr-ist  of  59  lb  with  blowing,  the 
turning  angle  is  somewhat  less  than  above,  but 
almost  constant  with  decreasing  velocity  and  with 
much  less  dependency  on  ground  effect.  For  no 
blowing,  all  thrust  levels  decay  to  the  configura¬ 
tion's  Initial  angle  of  30s.  It  appears  that 
thrust  reversal  is  quite  responsive  to  both  thrust 
and  blowing  levels  and  that  a  simple  no-moving- 
parts  system  is  feasible. 

CCW/Supercrl tical  Airfoil  S 

The  A-6/CCW  design  was  based  on  a  large  radius  I 

CC  trailing  edge  surface  to  guarantee  a  successful  * 

flight  demonstration.  Any  operational  use  of  that  R 

particular  design  would  involve  some  degree  of  O’ 

mechanization  ror  conventional  flight  with  a  3harp 
trailing  edge.  A  key  to  maximizing  the  effective¬ 
ness  of  the  CC  high  lift/thrust  deflecting  3ystem 

is  to  minimize  the  impact  on  cruise  performance  j 

without  requiring  mechanization  of  the  CC  surfaces. 

The  blunt  trailing  edge  design  of  a  NASA  super-  j 

critical  airfoil  can  accomodate  a  small  CC  trailing  ■ 

edge  nearly  within  the  established  contour.  ; 

However,  although  a  physical  fit  is  possible,  it  is 
necessary  to  insure  that  such  an  arrangement  is  j 

still  capable  of  providing  effective  CC  turning  for  1 

high  lift  while  maintaining  the  unblown  drag  at  the  3 

basic  supercritical  airfoil  level.  ]  j 
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Fig.  12  Configurations  for  2-D 
CCW/Superorltical  Airfoil 
Investigations 


A  two-dimensional  (2-D)  wind  tunnel  investiga¬ 
tion  ras  conducted  at  DTNSRDC  to  measure  the 
performance  of  this  CCW/supercritlcai  airfoil 
having  a  compact  1.9%  thick  trailing  edge  (shown  in 
Fig.  12).  This  supercritical  airfoil  has  a  leading 
edge  radius  of  A. 3%  of  the  chord  and  normally  has  a 
bluff  trailing  edge  thickness  of  0.8%  of  the 
chord. 10  The  larger  CC  radius  trailing  edge  having 
7.3%  thickness  duplicates  the  parameters  already 
proven  on  the  A-6/CCW  and  serves  as  a  state-of-the- 
art  reference.  Comparative  lifting  performance  of 
the  supercritical  airfoil  with  both  trailing  edge 
geometries  is  shown  in  Fig,  13  at  a  =0°  and 
q  —  10  psf.  Also  shown  in  this  figure  for  refer¬ 
ence  are  2-D  data  for  the  A-6/CCW  airfoil  (7.3% 
chord  trailing  edge  thickness  with  a  37.5°  leading 
edge  slat).  At  a  likely  maximum  C^  =  0.3,  the 
reduction  in  trailing  edge  radius  yields  a  loss  of 
8%  of  the  lift  generated  by  the  larger  radius  at 
the  same  slot  height.  Where  leading  edgs  devices 
were  required  on  the  A-6  conventional  airfoil,  the 
large  bluff  leading  edge  of  the  17%  supercritical 
airfoil  can  avoid  now  separation  in  the  region  of 
very  high  supercirculation  during  high  lift 
generation  ( C£  approaching  8).  This  is  of 


Fig.  13  2-D  CCW  Allfoil  Lift  Performance 


considerable  significance  since  this  potentially 
further  reduces  the  complexity  of  a  high  lift 
system  installation. 

The  geometry  of  the  small  radius  trailing  edge 
yields  increased  values  of  the  important  parameter 
h/r  relative  to  the  large  configuration.  Variation 
of  lift  generated  by  four  different  slot  heights  is 
shown  in  Figure  1M  as  a  function  of  blowing 
pressure  ratio  l’D/Pro .  larget  slot  heights  produce 
higher  C„  and  thus  higher  lift  at  a  given  pressure 
ratio.  These  larger  slot  heights  also  encounter 
earlier  peaking  of  the  lift  curve  since  strong  jet 
attachment  becomes  more  difficult  for  thicker  Jets 
at  higher  total  pressures.  However ,  for  airfoil 
sections  powered  by  turbofan  bypass  air  at  a 
typical  pressure  ratio  of  1.5.  it  appears  that  even 
the  larger  slot  heights  will  not  encounter  lift 


BLOWING  PRESSURE  RATIO.  Pq/Pco 

Fig.  1«  2-D  CCW  Small  Radius  Airfoil 

Lift  Performance  With  Varying  Slot 
Height 


Fig.  15  2-D  CCW  Airroi1  Unblown 

Performance  for  Cruise  Flight 


performance  degradation,  and  are  probably  more 
desirable  because  of  the  increased  Cy  available 
from  low  supply  pressures. 

The  unblown  drag  levels  of  the  small  radius 
CCW/supercritical  2-D  airfoil  are  compared  to  the 
basic  17  percent  supercritical  airfoil  levels^  in 
Fig.  15.  At  a  Reynolds  number  of  2  million,  the 
drag  coefficient  of  the  CCW  airfoil  is  greater  than 
the  basic  supercritical  airfoil  by  Acd  =  0.0006. 
This  indicates  a  minimal  drag  penalty  associated 
with  the  small  radius  CCW  airfoil.  In  addition, 
the  unblown  lift  appears  to  be  identical  to  the 
basic  supercritical  section.  Therefore,  the  high 
lift  device  can  remain  fixed  in  cruise  flight. 

The  above  data  support  the  small  radius 
configuration  as  an  effective  airfoil  section 
possessing  the  lift  augmenting  capability  of  the 
already  proven  CCW  without  the  unblown  drag 
penalties,  and  possibly  without  a  leading  adge 
device. 

Configuration  Development 

The  above  data  confirm  the  feasibility  of 
combining  CC/U5B  with  the  CCW  to  produce  high  lift 
with  a  mechanically  simple  system  for  a  STOL 
aircraft.  The  CC/USB  no-moving-parts  thru3t 
deflection  concept  can  provide  a  simple  light¬ 
weight  replacement  for  large  mechanical  USB/flap 
systems,  and  can  provide  effective  thrust  reversing 
with  no  additional  components  required.  Present 
USB  aircraft  like  the  YC-1M  and  QSRA  combine  the 
Inboard  USB  engine/mechanical  flap  system  with 
double-slotted  mechanical  flaps  outboard  to  provide 
the  required  lift  for  takeoff.  Replacement  of 
these  flaps  and  outboard  drooled  or  blown  ailerons 
with  a  CCW  trailing  edge  eliminates  the  mechanical 
complexity  by  allowing  transition  from  the  high 
lift  to  cruise  configuration  by  terminating 
blowing.  Applied  to  a  relatively  thick  trailing 
edge  supercritical  airfoil,  a  small-radius  CCW 
trailing  edge  surface  remains  fixed  at  relatively 
little  penalty  in  cruise  drag.  A  high  a.osonic 
STOL  aircraft  is  postulated  which  employs  the 
CC/USB  thrust  deflection  high  lift  system  inboard 
and  the  CCW  supercirculation  high  lift  system 
outboard  as  shown  in  Figs.  16  and  17.  To  provide 
timely  STOL  capability  without  development  of  a 
completely  new  aircraft,  the  proposed  configuration 
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Fig*  16  Proposed  CCW  +  GC/USB  STOL 
Aircraft 


-  -tJA 


Fig.  1?  Proposed  CCW  'r  CC/USB  STOL  Aircraft 
Planform 


makes  maximum  use  of  existing  Lockheed  S-3A 
aircraft  components,  namely  the  airframe,  wing 
primary  structure,  engines,  and  as  much  of  the 
control  surfaces  as  feasible.  A  supercritical  wing 
with  a  small  radius  CCW  trailing  edge  running  full 
span  will  be  installed.  The  two  pylon-mounted 
TF-3b  engines  will  be  moved  to  the  wing  upper 
surface  near  the  fuselage  junction.  Engine  relo¬ 
cation  provides  the  CC/USB  thrust  turning  system, 
minimizes  one-engine-out  yawing  moments,  and 
reduces  air  supply  crossover  line  lengths  required 
for  controlled  flight  with  one  engine  out.  Two 
plenums  are  provided  in  each  wing  half.  The 
inboard  plenum  supplies  higher  pressure  air  from 
TF-3R  core  bleed  for  USB  thrust  deflection.  The 
outboard  plenum  supplies  lower  pressure  TF-311  fan 
air  to  supply  t’  ■  CCW  trailing  edge.  This 
multi-source  air  supply  system  using  turbofan  core 
and  fan  bleed  air  simultaneously  has  already  been 
successfully  employed  on  the  QSRA  aircraft. 11  The 
inboard  and  outboard  plenums  are  independently 
controlled  using  separate  flow  valves. 

The  existing  S-3A  wing  aspect  ratio  of  7.73  may 
be  retained,  or  as  Fig.  17  shows,  removal  of  5  ft 
from  each  wing  tip  to  reduce  the  span  to  58  ft  and 
AR  to  about  6  will  provide  additional  flight  decx 
clearance  on  smaller  air-capable  ships.  The 
winglets  shown  may  be  used  to  regain  effective 


aspect  ratio  in  cruise,  to  carry  spanwise  high  lift 
distribution  closer  to  the  tip,  or  as  directional 
control  devices  at  low  speed.  Proposed  roll 
control  is  by  existing  spoilers  at  high  speed,  and 
by  differential  CCW  blowing  between  left  and  right 
wings12at  low  speeds.  Longitudinal  tail  location 
and  configuration  were  not  investigated  in  the 
present  tests.  The  high  T-tail  with  elevator  is 
shown  as  being  typical  of  other  USB  aircraft. 
However,  tail-off  pitching  moments  of  the  CCW/USB 
model  were  similar  to  those  of  the  A-6/CCW3  at  the 
same  lift  coefficient.  The  A-6/CCW  pitching 
moments  were  trimmed  by  a  low-mounted  all-moving 
stabilator  which  benefitted  from  the  additional 
dynamic  pressure  and  downwash  available  from  the 
flow  field  of  the  engine  exhaust.  Further 
investigations  are  planned  to  examine  longitudinal 
trim  requirements  and  tail  arrangement. 

STOL  Performance  Predictions 

To  predict  STOL  performance  of  the  proposed  CCW+ 
CC/USB  aircraft,  the  existing  data  must  be  adjusted 
to  account  for  the  difference  in  aspect  ratio 
between  the  model  and  proposed  aircraft.  The 
effect  of  aspect  ratio  on  C^  is  presented  in 
Fig.  18  for  a  family  of  current  Navy  jet  aircraft, 
for  a  sei ies  of  DTNSRDC  high  lift  model  data  at 
low  aspect  ratios  of  3  and  d,  for  existing  aircraft 
with  proposed  high  lift  systems,  and  for  several 
USB  configuration t.  AI30  shown  are  two  theoretical 
predictions  13  The  1.21  AR  curve  assumes  a  flat 
vortex  sheet  behind  the  wing.  The  1.9b  AR  curve 
assumes  that  the  vortex  sheet  rolls  up  into  two 
symmetrical  vortex  oore3,  which  is  closer  to 
reality.  Neither  curve  assumes  the  inclusion  of 
vertical  thrust  components  or  thrust-induced  lift 
in  cLoax*  whio!l  explains  why  several  of  t:  }  USB  or 
CCW/USB  data  exceed  the  theory.  The  trends  shown 
indicate  that  should  the  present  half-span  AR  =  d 
CC/USB  data  be  extrapolated  to  AR  of  6.0  and  7.7 
for  the  proposed  aircraft,  the  expected  C^^  for 
tip  *  2.9  and  Cy  =  0.33  is  on  the  order  of  8,3  and 
10.5,  respectively. 

To  predict  estimated  lift  and  drag  data  for  the 
S-3A-based  CCW  +  CC/USB  aircraft  within  these 
suggested  limits,  a  more  conservative  method  was 


Fig.  18  C.  Variation  with  Aspect  Ratio 
umax 
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used.  Fig.  19  shows  the  resulting  lift  curves  for 
the  AR  =  6  configuration.  Existing  two-engine  USB 
data^4  for  incremental  lift  due  to  Ct  and  Jet 
deflection  of  38°  were  adjusted  to  the  proposed 
configuration  wing  geometry.  These  data  were  added 
to  lift  curves  previously  developed  by  Lockheed  for 
an  S-3A/CCW  configuration  uring  Cy  =  0.10  (here 
labelled  CT  :  0).  A  of  6  at  CT  x  2.9  and 

Cy:  0.10  is  obtained,  These  data  are  conservative 
since  actual  thrust  deflection  angles  greater  than 
the  38°  assumed  can  be  achieved.  The  predicted 
ST0L  performance  shows  promising  potential  even 
with  the  conservative  data. 
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Flo ,  19  Hlah  Lift  Capability  of  Conventional  S-3A 
and  Proposed  CCW  +  CC/USB  Aircraft 

All  ST0L  performance  to  be  discussed  below  is 
based  on  3ea  level  tropical  day  (90°F)  conditions 
with  standard  S-3/TF-39  maximum  installed  thrust  of 
13.020  lb  total.  Losses  due  to  engine  thrust 
droop  bleed, and  velocity  of  60  knot3  are  included. 
The  proposed  AR  =  6  configuration  is  compared  in 
Fig.  20  with  the  conventional  S-3A  with  AR  =  7.73 
in  terms  of  lift-off  velocity.  For  a  takeoff  groa3 
weight  range  of  35.000  -  <10,000  lbs,  conventional 
lift-off  speeds  of  115  knots  can  be  reduced  to 
60  -  65  knots.  The  implications  on  reduced 
requirements  for  catapult  equipment  (if  in  fact  any 
is  required  at  all)  are  significant.  The  resulting 
short  non-catapulted  takeoff  distances  are  compared 
in  Fig.  21  for  a  wind-ovei — deck  (WOD)  velocity  of 
0  and  20  knots.  Here,  the  takeoff  procedure  for 
the  proposed  aircraft  is  to  eccele  ate  at  maximum 
thrust  (bleed  off  and  no  thrust  deflection)  until 
the  rotation  speed  is  reached.  At  rotation, 
blowing  is  initiated  and  instantaneous,  thrust 
deflection  and  lift  augmentation  occur,.  This 
procedure  was  successfully  end  comfortably  used  by 
Grumman  test  pilots  with  the  A-6/CCWs»‘'.  Conven¬ 
tional  S-3  takeoff  rolls  of  1,175  -  ;,05O  ft  will 
be  reduced  to  200  -  325  ft  for  a  20  knot  WOD. 
Takeoff  distances  of  950  -  650  ft  are  possible  if 
no  wind  over  deck  is  available.  For  buth  conven¬ 
tional  and  CCW  +  CC/USB  aircraft,  the  installed 
thrust-to-weight  ratios  range  from  0,36  -  0.33. 


GROSS  WEIGHT,  LB/1000 

Fig.  20  Comparative  Lift-Off  VeloeK. 'es  ,Sea  Level 
Tropical  Day 


GROSS  WEIGHT.  LB/1000 

Fig.  21  Comparative  Unassisted  Takeoff  Ground 
Rolls,  Sea  Level  Tropical  Day 

Fig.  22  compares  equilibrium  approach  speeds  at  an 
incidence  of  9°  or  10°  and  on  a  9°  glide  slope. 
Since  no  flare  is  used  in  Navy  approaches,  this 
glide  slope  is  constant  and  forces  must  be  in 
equilibruim  along  that  flight  path.  This  requires 
additional  drag  generation  for  USB  aircraft  since 
high  lift  is  achieved  at  high  thrust  settings  which 
result  in  high  thrust  recovery.  This  thrust 
recovery  is  offset  for  the  CCW  +  CC/USB  aircraft  by 
the  induced  drag  generated  by  CCW.  Thus  all 
approaches  are  made  along  the  CD  =  0  axis  of  Fig.  9 
but  at  the  appropriate  approach  incidence  of  10° 

For  a  landing  weight  of  30,000  -  35,000  lbs,  the 
approach  speed  Is  reduced  from  95  to  55  knots  by 
the  CCW  +  CC/USB.  For  a  fixed  bleed  rate  from  the 
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Fig.  22  Equilibrium  Approach  Speeds,  Sea  Level 
Tropical  Day 


engines,  available  Cp  will  not  remain  constant 
with  gross  weight  as  shown  Figs.  20  and  22,  but 
will  increase  as  weight  decreases.  Thus,  the 
actual  speeds  attainable  by  the  proposed  aircraft 
at  lighter  weights  will  be  less  than  those  shown  if 
sufficient  control  power  is  provided.  The  reduc¬ 
tion  in  kinetic  energy  is  shown  in  Fig.  23  at 
touchdown  speeds  associated  with  the  above  approach 
conditions.  The  70  percent  reductions  in  kinetic 
energy  indicate  proportional  reductions  in  landing 
ground  rolls,  plus  the  associated  increases  in 
system  life.  With  the  proposed  rt/USB  thrust 
reverser,  there  is  a  strong  possibility  for 
reducing  or  eliminating  the  arresting  gear.  These 
lower  approach  speeds  also  imply  an  improved 
steeper  glide  slope  to  minimize  flight  through 
carrier-inauced  turbulence,  increased  pilot 
visibility  from  approach  at  lower  incidence,  and 
increased  pilot  reaction  time  due  to  lower  closure 
rates,  all  of  which  contribute  to  safer  carrier 
operations  and  thus  reduced  accident  rates. 

The  above  SYOL  performance  predictions  indicate 
significant  potential  for  aircraft  operation  from 
small  air-capable  ships,  plus  a  number  of  opera¬ 
tional  benefits  for  land-based  aircraft  as  well. 
They  will  be  refined  as  additional  test  data  become 
available  and  as  the  proposed  aircraft  configu¬ 
ration  is  more  adequately  defined. 


Summary  and  Conclusions 

An  advanced  high  lift  3T0L  system  combining  CCW 
and  CC  pneumatic  USB  thrust  deflection  provides  an 
effective  yet  simple  method  to  control  both  wing 
lift  augmentation  and  the  vertical/horizontal  force 
components  of  the  deflected  thrust  by  varying 
blowing.  Experimental  results  confirm  both  small 
trailing  edge  performance  and  thrust  turning 
through  angles  up  to  160°  plus  the  associated 
benefits  as  a  STOL  and  thrust  reverser  system,  in 
addition  to  a  potential  for  VTOL.  Application  of 
the  test  results  have  led  to  a  proposed  conceptual 
STOL  aircraft  design  to  operate  from  reduced  size 


Fig.  23  Kinetic  Energy  at  Equilibrium  Touchdown 
Speed,  Sea  Level  Tropical  Day 

air-capable  ships  possibly  without  the  presence  of 
either  catapulting  or  arresting  gear. 

New  capabilities  are  inherent  to  this  CCW  + 
CC/USB  high  lift  system  which  are  not  available  in 
existing  or  proposed  high  lift  systems,  included 
in  these  are: 

•  Significant  improvement  in  STOL  performance 
is  available  compared  to  a  conventional  flap  system 
( CTOL )  on  an  aircraft  with  identical  weight  and 
thrust:  this  results  from  a  more  than  200  percent 
Increase  in  maximum  trimmed  lift  coefficient. 

•  Actuators,  flaps,  and  other  high  lift  system 
moving  parts  are  reduced  by  nearly  100  percent. 

•  High  lift,  vertical  thrust,  and  thrust 
reversing  can  be  generated  directly  from  the  cruise 
configuration  instantaneously  and  without  external 
moving  parts. 

•  Direct  lift  control  on  approach  is 
independent  of  thrust  setting,  and  is  controlled  by 
changes  in  the  bleed  air  rate  supplied  to  the  wing. 

•  Higher  power  setting  during  approach 
provides  quicker  return  to  maximum  thrust  for 
waveoff . 

•  Low  speed  lateral  control  is  possible  by 
differential  wing  blowing. 

•  A  reduced  number  of  parts  and  reduced  impact 
loads  on  the  aircraft  will  increase  reliability, 
maintainability  and  aircraft  lifespan. 

•  Vertical  landing  and  eventually  vertical 
takeoff  will  be  feasible  with  the  above  advantages 
(using  thrust  deflection  in  the  90°  range)  as 
improved  thrust-to-weight  powerplants  with  lower 
cruise  specific  fuel  consumption  become  available. 


Future  Plans 

Wheruas  the  present  data  base  confirms  the 
capabilities  of  the  COW  +  CC/USB  concept,  a 
considerable  amount  of  additional  knowledge  about 
the  system  is  necessary  to  enable  a  more  detailed 
design  and  understanding  of  the  operation  of  this 
type  of  STOL  aircraft,  The  following  wind  tunnel 
investigations  and  design  analyses  are  being 
planned  and  will  be  undertaken  to  inorease  the 
available  data  base: 

•  Optimum  operation  of  separate  inboard  CC/USB 
and  outboard  CCW  blowing  plenums. 

•  Additional  investigations  into  the  effect  of 
freestream  dynamic  pressure  on  thrust  deflection. 

a  Determination  of  longitudinal  trim 
requirements  and  satisfactory  control  surfaces. 

e  Determination  of  lateral/directional  control 
power  requirements  and  handling  qualities. 

e  Improvement  of  CC/USB  engine  nozzles,  and 
effects  on  cruise  performance. 

e  Determination  of  cruise  configuration 
performance. 

The  following  taaks  are  planned  to  support 
application  of  the  technology  to  a  test  bed  air¬ 
craft: 

•  Mission  analyses  and  detailed  conceptual 
aircraft  design  alternatives  with  possible 
alternative  engine  selection. 

•  STOL  flight  simulation  using  wind  tunnel 
results  to  investigate  handling  qualities  and 
develop  optimum  operation  of  the  blowing/thrust 
deflection  and  control  systems. 

e  Construction  and  static  testing  of  a  full 
size  turbofan  engine/nozzle/wing  CCW  +  CC/USB 
configuration  to  determine  scale  and  temperature 
effects  as  well  as  engine  response  and  core/fan 
bleed  characteristics. 
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